There is growing evidence that oxidative stress plays an important role in mediating the injury induced by hypothermia during the preservation of cells and tissues for clinical or research use. In cardiovascular allografts, endothelial cell loss or injury may lead to impaired control of vascular permeability and tone, thrombosis, and inflammation. We hypothesized that hypothermia-induced damage to the endothelium is linked to increases in intracellular catalytic iron pools and oxidative stress. In this study, bovine aortic endothelial cells and cell culture methods were used to model the response of the endothelium of cardiovascular tissues to hypothermia. Confluent cells were stored at 0°C to 25°C and cell damage was measured by lipid peroxidation (LPO) and lactate dehydrogenase release. Varying the bleomycin-detectible iron (BDI) in cells modulated cold-induced LPO and cell injury. In untreated cells, injury was highest at 0°C and a minimum at 10°C. A similar temperature-dependent trend was found in BDI levels and cell plating efficiencies. Arrhenius plots of cell killing and iron accumulation rates showed biphasic temperature dependence, with minima at 10°C and matching activation energies above and below 10°C. These findings imply that the mechanisms underlying the hypothermic increase in catalytic iron, oxidative stress, and cell killing are the same and that preservation of the endothelium may be optimized at temperatures above those routinely used.
INTRODUCTION
vascular disease (1) and organ failure caused by prothrombogenicity of the vessels (27) . The lack of a viable endothelium in bioprosthetic or synthetic conduits and The loss of cell viability in allograft tissues used for cardiovascular surgery or transplantation is attributable in arterial or venous allografts leads to thrombosis and vessel occlusion (7, 9) . Attempts to rectify these defi-to many factors, including the condition of the donor (15, 16, 53) , the warm ischemia time (5, 15) , tissue han-ciencies by seeding vessels with autologous endothelial cells enhance vessel patency (12, 42, 55) . For aortic valve dling and preservation method (15, 33, 36) , and, following arterial or valve transplants, the allogeneic response allografts, conditions that promote the retention of cellularity and structural integrity of the valve improve valve of the recipient, who may not be immunosuppressed (3, 22, 24) . For the endothelium in particular, preserva-function and durability after implantation (33, 57) . Although the use of cryopreserved tissues is common tion is essential to maintain several crucial functions: to limit vascular permeability and thereby prevent tissue today, reports of spontaneous fracturing (4,37,54) and endothelial cell loss (30,32,36) suggest that improved or edema and hemorrhage; to secrete vasoactive factors that regulate vascular smooth muscle tone and hence alternate methods of preservation are needed. Furthermore, there are indications that cryoinjury may lead to blood flow; and to actively prevent platelet aggregation and neutrophil adherence, which are key events of the an accelerated inflammatory destruction of the graft that is independent of the allogeneic response and injury (29) . thrombotic and inflammatory responses, respectively (44) . In heart transplantation, the endothelium plays an impor-Hypothermia is widely used to reduce ischemic injury during surgery and handling of tissues and has been used tant role in maintaining early graft function (6, 20) and in late events such as chronic graft rejection and allograft in the past to preserve cardiovascular tissues. However, cold-stored (4°C) arteries and veins have been character-vasculopathy (44, 52) . Early endothelial dysfunction in transplanted hearts may predict the development of graft ized by poor patency following implantation (10) and 500 ZIEGER AND GUPTA heart valves by reduced viability and inferior durability MATERIALS AND METHODS (33) . When minimally processed and implanted within a Cell Culture few hours to a few days following procurement, hypo-Proliferating bovine aortic endothelial cells (passage thermically stored homovital valves show retention of two) were obtained from Cell Systems (Kirkland, WA) metabolic activity and clinical results that are comparaand maintained at 37°C in an atmosphere of 95% air ble to cryopreserved valves (34, 57) . A better understandplus 5% carbon dioxide using Dulbecco's minimum esing of the mechanisms of hypothermic injury in endothesential medium supplemented with nonessential amino lial cells could allow for longer hypothermic storage acids, antibiotic-antimycotic solution (penicillin G, 20 times and lead to further improvements in allograft func-U/ml, streptomycin sulfate, 20 µg/ml; all from Gibco, tion.
Grand Island, NY), endothelial cell growth supplement Several direct effects of hypothermia are similar to (Upstate Biotechnology, Lake Placid, NY), and 10% febut independent of the effects of hypoxia. For example, tal bovine serum (Hyclone, Logan, UT). This medium hypoxia leads to an energy-dependent reduction in Na + / will henceforth be referred to as growth medium. In K + -ATPase activity, a net influx of sodium and chloride preparation for hypothermia experiments, cells (passages ions into the cell, and osmotic swelling (21) . During hythree to seven) were seeded into culture flasks at a denpothermia, the loss of ATPase activity is temperature sity of 8000 viable cells/cm 2 (12.5-, 25-, or 75-cm 2 culdependent and similarly leads to cell swelling. Organ ture flask; Falcon, Franklin Lakes, NJ). After 4-5 days preservation solutions are specifically formulated to supof culture, cells formed a confluent monolayer. At this press hypoxic and/or hypothermic cell swelling (47) . A time, the cell density was approximately 120,000 cells/ second effect common to conditions of hypothermia and cm 2 and the cells were used for control or hypothermia hypoxia is the increased generation of reactive oxygen treatments. The experimental design of this study is species (ROS). ROS are important mediators of reperfusummarized in Figure 1 . sion injury following ischemia. Iron plays a fundamental role in ROS-mediated reperfusion injury due to its involve-Hypothermia-Induced Cell Damage ment in generating highly reactive hydroxyl radicals (11) . Current evidence indicates that hypothermia with-Hypothermia-induced cell damage was determined by measuring the release of the intracellular enzyme lac-out ischemia or hypoxia also generates oxidative stress (8,39) and catalytic iron pools may be involved in this tate dehydrogenase (LDH) into the medium and by measuring cellular lipid peroxidation, an index of oxidative injury process, as well (23, 40, 58) . Tissues used in cardiovascular transplantation are typically kept on ice or stress. For LDH experiments, confluent cells in 12.5cm 2 flasks were treated with fresh growth medium or stored at 4°C predominantly for convenience and without consideration of the temperature dependence of the growth medium supplemented with the iron storage protein ferritin (100 µg/ml for 3 h) or the intracellular iron cold-induced injury. It is therefore likely that the endothelium is injured by a cold-induced oxidative mecha-chelator deferoxamine (DFO; 0-100 µM for 3 h) to increase or decrease, respectively, the size of the cellular nism. However, the effect of storage temperature on catalytic iron pools, oxidative stress, and the resulting effects iron pool. Cells were then washed with Hanks' balanced salt solution (HBSS) and flasks received 1.5 ml of growth on endothelial cell function and survival are not known.
In this study, we used bovine aortic endothelial cells medium and were stored at 0°C or 10°C in a circulating water bath. For 25°C storage, flasks were placed in a and tissue culture methods to model the response of the endothelium of cardiovascular tissues to hypothermia. low-temperature CO 2 incubator. At the appropriate times, flasks were warmed to 37°C for 3 h as the cold-injured The objective was to determine the effect of hypothermic temperatures on the catalytic iron pool of endothe-cells may express additional injury following rewarming. The medium from each flask was collected and cells lial cells, its association with oxidative stress, cell injury, and cell killing rates. We hypothesized that hypother-were washed and then lysed with 2 ml of 1% Triton X-100 in HBSS. LDH was measured in the storage media mia-induced oxidative damage and endothelial cell injury are associated with changes in catalytic iron pools. and cell lysates using a commercially available kit (Roche, Indianapolis, IN). For lipid peroxidation experi-The results demonstrate that: (i) endothelial cell damage and oxidative stress due to isolated hypothermia is mod-ments, confluent cells in 75-cm 2 culture flasks were treated with fresh growth medium or growth medium ulated by the concentration of intracellular catalytic iron and (ii) the rate of the cold-induced increase in catalytic supplemented with 100 µM DFO, 50 µM of the hydroxyl radical scavenger dimethyl sulfoxide (DMSO), or iron and the rate of hypothermic killing of endothelial cells share the same biphasic temperature dependence, 100 µg/ml ferritin for 3 h at 37°C. Cells were washed and flasks received 4 ml of fresh HBSS without the sup-with minima occurring at 10°C and maxima occurring at 0°C. plement and were stored at 0°C or 10°C. DMSO-treated Figure 1 . Experimental design. Confluent bovine aortic endothelial cells in 12.5-, 25-, or 75-cm 2 culture flasks were pretreated with growth medium (control) or growth medium supplemented with the iron storage protein ferritin, the iron chelator deferoxamine, or the hydroxyl radical scavenger dimethyl sulfoxide for 3 h/37°C. Cells were washed and flasks were stored with fresh medium at 0°C, 5°C, 10°C, 15°C, or 25°C. Cells were collected as a function of storage time without rewarming for BDI (bleomycin-detectible iron) assay or following rewarming to 37°C/3 h before performing LDH (lactate dehydrogenase), TBA (thiobarbituric acid), or colony growth assays. cells were stored in HBSS with 50 µM DMSO. Flasks product, hemosiderin, heme proteins, and iron-sulfur enzymes. The catalytic iron pool consists of iron that is were rewarmed to 37°C for 3 h to maximize the generation of lipid peroxidation products. Cells were collected loosely bound by low molecular weight chelates and makes up less than 3.0% of total cellular iron under nor-by scraping and lipid peroxidation products were estimated by measuring the thiobarbituric acid-reactive sub-mal conditions (2,35,40). Iron in this state is able to catalyze the production of hydroxyl radicals ( • OH) from stances (TBARS).
hydrogen peroxide (Fenton reaction) (48) and is measur-Thiobarbituric Acid (TBA) Assay able with an assay that uses the anticancer agent bleomycin (17). Confluent cells in 25-cm 2 culture flasks Lipid peroxidation products were estimated in the cell pellet and in the storage medium by measuring TBARS.
were used in these experiments. To measure hypothermia-induced changes to cellular catalytic iron pools or Briefly, samples were resuspended in 0.3 ml of 1% Triton X-100 in water and 0.2-ml aliquots were mixed with 1 ml to measure the effect of ferritin or DFO pretreatments on iron pools, cells were treated with growth medium, of 0.8% TBA in 0.5 N HCl in 30% trichloroacetic acid. The reaction mixture was incubated at 95°C for 1 h and ferritin (100 µg/ml for 3 h), or DFO-supplemented medium (100 µM for 3 h). Cells were then washed with then allowed to cool to room temperature. The chromophore was extracted from samples with 1.5 ml of water-HBSS and flasks received fresh growth medium and were stored at 0°C. For kinetic studies, flasks containing saturated n-butanol and was then measured at 532 nm against a blank consisting of a lysis buffer that had been untreated cells in growth medium were stored at 0°C, 10°C, or 25°C for extended periods to facilitate the de-processed in the same manner as the experimental samples. The results were compared to a standard curve pre-tection of small changes in iron accumulation rates. Flasks were removed from hypothermic storage and pared with malonyldialdehyde (MDA) and were expressed as nanomoles MDA per milligram protein.
cells were immediately washed with Chelex-treated HBSS that was kept at the matching storage temperature Hypothermia-Induced Changes to the Catalytic to remove iron released by damaged cells. The HBSS Iron Pool was removed and cells were lysed by adding 300 µl of 1% Triton X-100 in Chelex-treated 20 mM Tris buffer The major fraction of cellular iron is contained by the iron storage protein ferritin, its lysosomal degradation (pH 7.4). Intracellular catalytic iron was measured in cell lysates with the bleomycin assay (17). The rate of relative PE on a semilog graph versus time in cold storage. When cells are exposed to suboptimal temperatures, change in the intracellular catalytic iron pool, k Fe , was calculated using linear regression analysis.
the survival curves that result typically have a threshold region followed by a linear region (58) . The rate of cell Bleomycin Assay killing, k, was determined by calculating the slope of the survival curve using a least square regression of the lin-Catalytically active iron was measured using bleomycin (17). Briefly, the assay involved addition of reagents ear portion of the curve. in the following order: 0.25 ml of calf thymus DNA (1 Arrhenius Plot mg/ml), 0.05 ml of 5 mM MgCl 2 , 0.025 ml bleomycin
The Arrhenius plot is a common method for represulphate (1 mg/ml), 0.10 ml of an iron standard or samsenting how the rate of a metabolic reaction changes ple, and 0.05 ml ascorbic acid (8 mM). The test tubes with temperature. The logarithm of the reaction rate is were incubated at 37°C for 30 min in a shaking water plotted against reciprocal temperature that yields a bath. The reaction was stopped with 0.5 ml of 0.1 M straight line with a slope equal to −E a /R, where E a is the EDTA. The contents were then mixed with 0.5 ml of activation energy and R is the gas constant. Arrhenius 1% TBA (in 50 mM NaOH) and 0.5 ml 25% HCl. The plots have also been used to model how the rate of cell test tubes were then incubated at 95°C for 15 min and killing changes with temperature (26). the chromagen was measured at 532 nm. Blanks were processed similarly as samples except that no bleomycin
Statistical Methods was added. The results were compared to a standard All data were plotted as mean values ± SEs. Statisticurve prepared with FeCl 3 (1-20 µM) dissolved in 10 cal analysis was carried out using the InStat program mM HCl. The amount of protein in each sample was from GraphPad Software (San Diego, CA). Analysis of measured by the bicinchoninic acid assay (BCA) using a variance with Tukey's post test was used to compare commercially available kit (Pierce Chemical Company, multiple treatments. Linear regression analysis was used Rockford, IL). Bleomycin-detectible iron (BDI) values to fit the kinetic data and calculate slopes (k Fe for BDI, were calculated in nanomoles per milligram protein.
k for PE). Slopes with nonoverlapping 95% confidence Rates of Hypothermia-Induced Cell Killing intervals were considered significantly different. Hypothermia-induced cell killing was determined by RESULTS AND DISCUSSION measuring the loss of the proliferative capacity of cells Cellular Catalytic Iron and Hypothermia-Induced as a function of the storage time. Confluent cells in 25-Cell Damage cm 2 flasks were used in these experiments. Flasks were stored at 0°C, 5°C, 10°C, 15°C, or 25°C for up to 14 Figure 2 shows the percentage of intracellular LDH that is released by damaged endothelial cells during cold days to improve the accuracy of cell killing rate calculations. At predetermined times, flasks were rewarmed to storage and following their return to 37°C for 3 h. Significant cell damage occurred within 24 h of storage at 37°C for 3 h. The plating efficiency (PE) of cells was determined using the colony growth assay.
0°C when compared to LDH release by nonstored controls (1.8 ± 0.2%). In contrast, LDH release by cells Colony Growth Assay stored at 10°C or 25°C did not change significantly up to 72 h. The medium was removed from flasks and cells were washed, trypsinized to produce a single cell suspension,
To determine the effect of iron on cold-induced injury, cells were pretreated with exogenous ferritin or the counted with trypan blue, and plated into fresh growth medium so that the PE could be determined. Sufficient intracellular iron chelator DFO to vary iron levels before cold exposure. Both ferritin and DFO are believed to numbers of single cells were plated so that approximately 100-200 colonies of 50 or more cells resulted enter cells by endocytosis and concentrate in lysosomes (28, 38, 50) . We hypothesized that the release of iron after 6-8 days of incubation at 37°C. It was assumed that each colony results from the proliferation of a single from lysosomal ferritin would provide a sustained increase in the catalytic iron pool. BDI in cultured endo-viable cell. Colonies were then stained with methylene blue and counted. The PE as a function of storage time thelial cells was 7.1 ± 0.6 nmol/mg protein (mean ± SE) and is shown as a relative value of 1.00 ± 0.03 in Table  was calculated by dividing the number of colonies counted per flask by the number of trypsinized, trypan blue-1. A 3-h treatment with 100 µg/ml ferritin increased relative BDI significantly to 1.76 ± 0.14 (Table 1 ) and in-excluding cells that were seeded × 100. The relative PE per flask was calculated by dividing PE values by the creased LDH release at 0°C compared to untreated cells (Fig. 3) . On the other hand, reducing relative iron levels PE of control flasks that were not exposed to hypothermia. Cell survival curves were created by plotting the in cells to 0.56 ± 0.05 with 3-h treatments of 100 µM DFO (Table 1 ) significantly decreased LDH release at protection at 10°C may be due, in part, to a reduced availability of iron at that temperature. 0°C (Fig. 4 ). Iron levels also modulated hypothermic injury during long-term storage at 10°C, a temperature
To determine if the catalytic iron pool modulates cold-induced oxidative stress, endothelial cells were that is relatively protective (Fig. 5 ). There was no significant injury to untreated cells stored for 7 days at 10°C. treated with 100 µg/ml ferritin or 100 µM DFO, stored at 0°C, and lipid peroxidation products (TBARS) were However, injury was significant after 14 or 21 days at 10°C. Pretreating cells with ferritin increased LDH re-measured ( Fig. 6 ); 0°C but not 10°C for 7 days caused a significant increase in TBARS when compared to non-lease after 7, 14, or 21 days at 10°C compared to untreated cells stored at 10°C. DFO pretreatment signifi-stored controls. Ferritin pretreatment for 3 h before 0°C storage increased TBARS significantly when compared cantly decreased LDH release after 14 or 21 days at 10°C compared to untreated cells at 10°C. In summary, to untreated cells stored at 0°C. In contrast to ferritin, cells treated with DFO or the hydroxyl radical scavenger endothelial cell iron pools modulate hypothermic injury at 0°C where there is a rapid accumulation of injury DMSO for 3 h before 0°C storage significantly reduced TBARS compared to untreated cells stored at 0°C. In and at 10°C where injury accumulates very slowly. This shows that a component of hypothermic injury, at 0°summary, the observed cold-induced lipid peroxidation is consistent with an iron-catalyzed • OH-mediated mech-or 10°C, is iron-mediated, and suggests that the relative anism of injury at 0°C but not at 10°C. This correlates with the relatively slow rate of LDH release at 10°C. Figure 3 . Effect of ferritin pretreatment time on LDH release at 0°C. Endothelial cells were pretreated with fresh growth medium or growth medium supplemented with 100 µg/ml ferritin for up to 3 h at 37°C, then stored at 0°C without supplement for 3 days. *p < 0.001 versus control cells treated with growth medium for the same time; each bar represents mean value ± SE of eight samples.
that the measured iron values were a function of the at 10°C were required before BDI in cells increased significantly over levels in nonstored control cells. BDI in storage temperature and not a result of injury due to the proteolytic release of iron into the catalytic pool during cells stored at 0°C was significantly greater than it was in cells stored at 10°C for all time points so that the rate rewarming. BDI increased significantly within 24 h at 0°C (Fig. 7) . A minimum of 5 days at 25°C or 7 days of increase in BDI, k Fe , was significantly greater at 0°C Figure 4 . Effect of DFO pretreatment on LDH release at 0°C. Endothelial cells were pretreated with fresh growth medium or growth medium supplemented with 10 or 100 µM DFO for 3 h at 37°C, then stored at 0°C without supplement for 3 days. *p < 0.001, +p < 0.05 versus 0 µM DFO; each bar represents mean value ± SE of 12 samples.
Figure 5.
Effect of ferritin or DFO pretreatment on LDH release at 10°C. Endothelial cells were pretreated with fresh growth medium or growth medium supplemented with 100 µg/ml ferritin or 100 µM DFO for 3 h at 37°C, then stored at 10°C without supplement for up to 21 days. #p < 0.001 versus untreated cells on day 0; *p < 0.001, **p < 0.01, +p < 0.05 versus untreated cells at 10°C for the same time; each bar represents mean value ± SE of 12 samples. Figure 6 . Hypothermia-induced lipid peroxidation. Endothelial cells were pretreated with growth medium or growth medium supplemented with 100 µg/ml ferritin, 100 µM DFO, or 50 µM DMSO for 3 h at 37°C, then stored at 0°C or 10°C for 7 days. For DMSO-treated cells, the storage medium contained 50 µM DMSO. Lipid peroxidation products were estimated by measuring thiobarbituric acid-reactive substances (TBARS) in the cell lysate and medium. +p < 0.001 versus nonstored control cells; *p < 0.05, **p < 0.01, ***p < 0.001 versus 0°C cells; each bar represents mean value ± SE of 10 samples.
Figure 7.
Effect of storage temperature on bleomycin-detectible iron (BDI) in bovine aortic endothelial cells. The rate of increase in BDI, k Fe , was significantly greater at 0°C (10.0 ± 1.4% day −1 ) than at 10°C (2.9 ± 0.9% day −1 ) or 25°C (5.8 ± 0.9% day −1 ). Upper and lower 95% confidence intervals for the slope of the 0°C curve (12.8% and 7.1%) are nonoverlapping with those of the 10°C curve (4.9% and 0.9%). *p < 0.01, +p < 0.05 versus nonstored control cells (day 0); each point represents mean value ± SE of 9-12 samples; shown with linear regression lines.
(10.0 ± 1.4% day −1 ) than at 10°C (2.9 ± 0.9% day −1 ) or 20.26 ± 14.15 kJ/mol. As temperature is reduced below 10°C there is a rapid increase in the rate of cell killing 25°C (5.8 ± 0.9% day −1 ). k Fe at 10°C and 25°C was not significantly different. Based on these findings, we may and the slope of the line through data points at 10°C, 5°C, and 0°C corresponds to an activation energy of conclude that reduced endothelial cell injury and minimal levels of lipid peroxidation after 7 days at 10°C −106.09 ± 21.81 kJ/mol. Qualitatively, this pattern is similar to that reported for hamster fibroblasts (26). Fig-compared to 0°C is at least partly attributable to significantly lower levels of catalytic iron. Hypothetically, ure 9 shows that the rate of increase in catalytic iron, k Fe , conforms to the same temperature dependence as k increased activity of antioxidant enzymes at higher temperatures could also contribute to reduced lipid peroxi-between 25°C and 0°C with a minimum at 10°C and matching activation energies above and below the break dation and cell injury at 10°C.
(31.98 ± 22.40 kJ/mol between 25°C and 10°C and Rates of Hypothermia-Induced Cell Killing −78.92 ± 28.51 kJ/mol between 10°C and 0°C). The correlation between k and k Fe implies that the fundamental Experiments were performed to determine if the rate of endothelial cell killing as a function of temperature cellular processes underlying the cold-induced increase in catalytic iron and cell killing due to isolated hypother-was related to iron accumulation rates. Cells that remained intact and attached to flasks following hypother-mia are the same. The correlation is not proof that the minimum in k at 10°C is a direct result of a minimum mia and rewarming had a reduced capacity to reattach and to proliferate (Fig. 8) . The relative plating efficiency in k Fe . However, because oxidative stress and cell injury at low temperatures is iron dependent, the matching Arr-of cells decreased most rapidly at 0°C, but was also significantly more rapid at 5°C or 25°C than at 10°C or henius plots suggest that the accumulation of catalytic iron is a rate-limiting step in hypothermic cell killing 15°C. The survival curve slopes and 95% confidence intervals are shown in Table 2 .
between 25°C and 0°C. This is corroborated by an earlier study that showed that iron chelation reduces hypo- Figure 9 is an Arrhenius plot of the endothelial cell killing rate, k, during cold storage. It shows that k is not thermic cell killing rates between 25°C and 0°C by a single temperature coefficient (58) . a simple monotonic function of temperature. A break at 10°C divides the plot into two regions. The killing rate
The mechanisms underlying the temperature dependence of k and k Fe , and the observed minima at 10°C are decreases as the storage temperature is reduced from 25°C to 10°C and the slope of the best fit line through unknown. Several mechanisms of hypothermic injury have been proposed, including the loss of ionic homeo-these points corresponds to an activation energy of stasis (31, 46) , the uncoupling of cellular metabolism decreasing temperature. A swelling mechanism could, however, contribute to cell killing below 10°C because (21) , lipid phase transitions in membranes (13, 26) , depolymerization of the cytoskeleton (49, 56) , and oxidative k increases with decreasing temperature in this range. However, it is unlikely that cell swelling contributes to stress (8,39). The relative importance of each mechanism as a function of temperature is not clear, nor is it the cold-induced increase in iron because iron accumulation occurs in cells stored in preservation media that known whether or not the mechanisms are independent or linked. The predominant mechanism of hypothermic contain osmotic agents (23, 40) . Studies with hamster fibroblasts showed that the optimum survival temperature, injury is believed to be a reduction in Na + /K + -ATPase activity with decreasing temperature, which leads to a 8°C in this cell line, appeared to coincide with phase transitions in mitochondrial and plasma membrane lipids net influx of Na + and Cl − ions into the cell and osmotic swelling (47) . The decrease in k as temperature is re-(26). It has been demonstrated that membrane lipid phase transitions can inactivate ATPases (45) and in-duced from 25°C to 10°C implies that cell swelling does not play a role in this temperature range because cell crease ion leakage in cells (13) . How such phenomena might induce an increase in iron accumulation rates with killing should increase as pump activity decreases with decreasing temperature below 10°C is unclear. Increased leakage of low molecular weight iron from the external medium into the cell is one possibility. Because many 
